ABSTRACT
Grand unified theories of strong, weak and electromagnetic interactions are based on a simple gauge group G. At very high energies, G is unbroken but at lower energies G undergoes a hierachy of symmetry breakings. A typical energy scale at which G is first broken is of the order 1014 GeV [l] .
In the standard big-bang model of cosmology, at very early times, the universe was at a temperature exceeding this scale and the gauge symmetry was unbroken. Therefore, as the universe expanded and cooled, it must have undergone several phase transitions before reaching the present state of broken gauge symmetry.
A necessary consequence of the broken gauge symmetry, in grand unified theories, is the existence of superheavy magnetic monopoles [21 l These monopoles would have been produced prolifically in the early universe soon after the big-bang. They first appear when the initial symmetry G is broken down to a subgroup in which U(1) appears explicitly, i.e., G + H x U(1). Several authors [3] have studied the initial monopole production and have concluded that the number of monopoles initially produced was at least fourteen orders of magnitude larger than a bound set from present astrophysical data. Therefore, suppression of the initial monopole production in the early universe is a severe constraint on grand unified theories.
Monopole production depends crucially on the history of the phase transitions in the early universe. In a spontaneous broken gauge theory the phase structure is determined by the Higgs sector of the theory. The vacuum expectation value of 0 has the form
where v is given by
The vacuum expectation value of H is
Since E is of O(p2/v2) and E vanishes as a, f3 and y go to zero, E will 
The colored component, H3, of the fundamental representation of
Higgs has a mass given by 
H3 mediates proton decay and therefore should have a mass comparable to the mass of X boson, within a few orders of magnitude. This constraint gives B > -5a .
There are further constraints on the parameters so that SU(3) x U(1) with a weakly broken SU(2) x U(1) is the global minimum of the potential. However, the constraints eqs. (8) and (10) 
-v2(T) = -v2 + 2 1 rT2 = 1 rT2 > 0 2
-9-for T >> lo2 GeV. However, the hierarchy condition we have imposed for W(3) x SU(2) x U(1) in eq. (7) or (8) does not forbid < and/or m2 4 H1 from becoming negative.
If we rewrite eqs. (13) In the regions II, III and IV, for a given magnitude of a and p, X must be chosen such that the SU(3) x SU(2) x U(1) minimum is the global .minimum for temperatures much smaller than Tc but larger than 102 GeV.
If X is chosen to be too small then this is not the case. In regions II
and III an order of magnitude estimate for the smallest possible A is
. Whereas in region IV, numerical calculations indicate that X in this region can be smaller than in the other regions before the SU(3) x SU(2) x U(1) minimum is no longer the global minimum above lo2 GeV. Of course, X must be larger than the fourth power of the gauge coupling otherwise gauge loop effects must be included.
. Therefore, for a wide range of parameters in the potential, eq. (l), the SU(4) x U(1) phase goes into a SU(4) phase. In order to suppress monopole production one may further arrange parameters such that there is sufficient supercooling in the SU(4) phase. Then the phase structure of the early universe is SU(5) + SU(4) x u(1) + SU(4) + SU(3) x SU(2) x U (1) where the transition from SU(4) to SU(3) x SU(2) x U(1) is strongly first order. The major difference between this structure and the one proposed by Guth and Tye is that the supercooling takes place in SU (4) phase instead of the SU(4) x U(1) phase. The fundamental Higgs field has a large (= 10 14 GeV) vacuum expectation value in this phase. This is allowed because the gauge hierarchy condition imposed for the SU(3) x SU(2) x U(1) phase is not the same as a similar gauge hierarchy condition for the SU(4) x U(1) phase. Therefore, it should be no surprise that the SU(4) x U(1) phase can be broken by the fundamental Higgs fields at a large temperature.
As soon as the universe enters the SU(3) x SU(2) x U(1) phase the fundamental Higgs fields loose their non-zero vacuum expectation value until a temperature of IO2 GeV. Below this temperature the SU(3) x SU(2) x U(1) phase is weakly broken to SU(3)' x ~(1)~~ .
Our scenario for the phase structure of the early universe affects monopole production in a major way. The SU(4) phase unlike the SU(4) x U(1) phase has no monopole-like solitons. Thus, any solitons that existed in the SU(4) x U(1) phase disappeared when the universe passed into the SU(4) phase. Since, there were no solitons available to seed the first order phase transition in the SU(4) phase, as Steinhardt
[lo] has suggested for the SU(4) x U(1) solitons in the Guth and Tye scenario, there can be sufficient supercooling in the SU(4) phase. Guth and Weinberg [ll] have found that for the phase transition STJ(4) x u(1) + SU(3) x SU(2) x U(l), if there is enough supercooling so that the monopole production rate is strongly suppressed, the universe never percolates completely into the SU(3) x SU(2) x U(1) phase.
Although a detailed calculation has not been performed for the bubble production rate which converts the SU(4) phase to the SU(3) x SU(2) x U (1) 
